Objective: The aim of this study was to develop and validate a brief version of the Quality of Life in Childhood Epilepsy Questionnaire (QOLCE). A secondary aim was to compare the results described in previously published studies using the QOLCE-55 with those obtained using the new brief version. and QOLCE-76 were comparable to those generated using the QOLCE-16. Significance: The QOLCE-16 is a multidimensional measure of health-related quality of life (HRQoL) with good psychometric properties and a short-estimated completion time. It is notable that the items were calibrated using multidimensional IRT methods to create a measure that conforms to conventional definitions of HRQoL. The QOLCE-16 is an appropriate measure for both clinicians and researchers wanting to record HRQoL information in children with epilepsy.
In children with epilepsy, HRQoL is lower than in both healthy children and children with other neurological disorders. 5, 6 HRQoL has been measured among children with epilepsy in several different ways, with a common measure being the Quality of Life in Childhood Epilepsy Questionnaire (QOLCE). 7 The QOLCE-55 is a 55-item, disease-specific, parent-reported measure of HRQoL for children with epilepsy with items assessing cognitive, emotional, social, and physical functioning. Although the QOLCE-55 has demonstrated good measurement properties, [7] [8] [9] opportunities exist to improve the measure. Specifically, the QOLCE-55 has an unequal number of items across subscales, some items provide minimally unique information, and at 55 items, the QOLCE-55 is relatively lengthy which, in some instances, may limit its practicality for use in busy clinical research settings. Length of questionnaires has been described as a major barrier for use in clinical settings, as resources available to collect, input, and interpret responses are often minimal. [10] [11] [12] Despite the additional resources required to collect patient-reported outcomes, the benefits of doing so are vast: the use of HRQoL instruments has been shown to increase patient-physician communication, improve patient satisfaction, increase detection of psychosocial morbidities, and improve patient outcomes over time. 10 As such, researchers should strive to develop measures with strong psychometric properties, but that also minimize respondent burden to maximize the likelihood of clinical uptake. The QOLCE-55 was developed using classical test theory (CTT) methods, where scores are assumed to be a linear function of their true score and error, and the error variance among individuals is assumed to be constant. 13 Furthermore, under CTT, all items are assumed to be contributing equally to the true score variance, although some evidence suggests that this assumption may be untenable in practice. 13 An alternative method to avoid violation of these assumptions is item response theory (IRT). Over the last decade, the application and development of IRT methods to improve the development and assessment of measures have grown, providing powerful tools to obtain item-level information and measure interindividual variation. In turn, IRT methods have improved the creation of measures with strong measurement properties while providing clinical researchers a wealth of information to understand their patients. In addition, IRT methods can be applied to existing measures to evaluate the psychometric properties of both the scale and items to recalibrate the measure by identifying underperforming items and in turn provide a brief measure with reduced response burden. 2, 14, 15 The most commonly used form of IRT is a unidimensional model containing a single factor and 2 item parameters. However, for HRQoL measures, including the QOLCE-55, the assumption of unidimensionality is unlikely to hold true, because, although the measure is designed to assess a single construct (HRQoL), the structure of the measure is hierarchical (items within subscales and subscales within the HRQoL construct). The effects of violating this assumption are measure-specific and often unknown. More recently, multidimensional IRT methods have been developed, although their adoption to health outcome measures research has been slow, in part due to the computational complexity of the methods. 13, 16 Despite this, multidimensional IRT has been used on several clinical measures such as the Quality of Life Interview for Chronically Mentally Ill 16 and the Hamilton Depression Rating
Scale.
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The goal of the current research was to use IRT methods to develop and validate a brief version of the QOLCE-55 by identifying unnecessary and underperforming items. A secondary aim was to compare the results described in previously published studies using the QOLCE-55 with those using the newly developed brief version.
| METHODS

| Data source and participants
Data were obtained from the Health-Related Quality of Life in Children with Epilepsy (HERQULES) Study, a multicenter prospective cohort study assessing trajectories and determinants of HRQoL in children ages 4-12 years with newly diagnosed epilepsy during the first 2 years postdiagnosis. Data were collected at 4 times: baseline (as close as possible to the time of diagnosis), and 6-, 12-, and 24-months postdiagnosis. Pediatric neurologists identified 456 eligible patients, with 373 parents (82%) completing a baseline self-administered questionnaire, 336 completing a 6-month questionnaire, 304 completing a 12-month questionnaire, and 282 completing a 24-month questionnaire. A
Key points
• The ability to capture health-related quality of life (HRQoL) in children with epilepsy quickly and accurately is a priority for researchers and clinicians
• Item response theory methods identified 16 items from the QOLCE-55 that allow capture of HRQoL while maintaining the strong properties of the original measure more detailed description of the HERQULES methodology has been provided previously. 6 
| Instrument
The QOLCE-55 7 is a disease-specific measure to assess parent-reported HRQoL in children with epilepsy aged 4-18 years of age across the 4 domains of HRQoL: Cognitive (22 items), Emotional (17 items), Social (7 items), and Physical (9 items) functioning. A 5-point Likert scale is used to rate items as follows: 0 = very often; 1 = fairly often; 2 = sometimes; 3 = almost never; and 4 = never.
Ratings are linearly transformed, providing total scores from 0 (low HRQoL) to 100 (high HRQoL). The QOLCE-55 has excellent internal consistency reliability (a = 0.96).
The QOLCE-55 and scoring instructions are freely available. Items were analyzed following methods described previously, 15, [18] [19] [20] taking into account the conceptualization of HRQoL. To achieve our objective of developing a brief measure while preserving content validity in each subscale, we decided to select 4 items from each subscale of the QOLCE-55, resulting in a new measure with 16 items in total. During item selection, comparisons were made among items within a given subscale. The methods for selection of items from a larger set have not been fully formalized, and as such it is recommended to use a variety of criteria to help guide decision-making in the selection of items, such as statistical fit, graphical considerations, and conceptual unity. 15, 19, 21 The hierarchical staged approach for selection of items for elimination was as follows:
1. Adequacy of response variability was ensured-Items with less than 1% of responses in each response option were eliminated from the measure. 2. Dimensionality of the model was identified-Items were fit to unidimensional and multidimensional models using IRT methods to determine the best model to represent the data. 3. Item parameters and item characteristic curves were derived and interpreted. 4. Items not contributing substantively new information, based upon having a low area under the curve in their item information curve, were eliminated. 5. Of the remaining items, the 4 within each subscale with the highest slope parameters were selected. Priority was given to items loading primarily on the general factor and secondly on their content-specific factor.
6. Final consideration was given to how well the item fit to the overall measure.
Dimensionality
Dimensionality was examined in several ways to identify whether a unidimensional or multidimensional model was required. First, unidimensional IRT was used to obtain eigenvalues and produce a scree plot. The magnitude of item loadings on the single-factor solution helps suggest whether items conform to a unidimensional model. Although there is no unified agreement on minimal loadings, a smaller slope parameter (such as <0.4-0.5) suggests the item is not a good indicator of the construct. 15, 20 IRT models were analyzed using MPLUS software version 7 (Muthen & Muthen, 2012, Los Angeles, CA, USA) and item curves were created using SAS software 9.3 (SAS Institute Inc., 2014; Cary, NC, USA). A unidimensional graded response model and a bifactor graded response model best represented the conceptualization of our outcome (HRQoL). The unidimensional graded response model is a single-factor model where items have more than 2 response options and all items load to the single factor (conceptualized as HRQoL in our case). The bi-factor model is a type of multidimensional IRT model where hierarchical outcomes are examined by constraining items into loading on a primary or general factor as well as a single other factor of interest. 16, 17 A major strength of this model is the ability to directly assess the strength of an item within a subscale after adjusting for the primary factor. 22 Detailed discussions of bi-factor models are described elsewhere. 16, 17, 22 In this study, all items were loaded onto a single general factor representing HRQoL, and each item onto a second factor representing that item's conceptualized subscale. This provided a 5-factor model representing HRQoL, cognitive, emotional, social, and physical functioning. Comparison of Bayesian Information Criterion (BIC) among models further helps identify the dimensionality of the model, where lower BIC are desired. All models were assessed using robust maximum-likelihood estimation.
Item parameters and item curves
Two-item parameters were produced: slope and threshold. The slope parameter indicates how well an item relates to the construct, whereas the threshold parameter describes the underlying trait a person would be required to possess to have the ability to select a given response option with some probability. IRT methods allow the production of item characteristic curves, which present a graphical display of the information from the threshold parameter, and item information curves, which display how much information is being provided by a given item. Item information curves are largely a function of the slope parameter but graphically indicate how well items function at differing ability levels.
Low information items
An item is considered to provide low information if its information curve has very little area under the curve. Those determined to be low information items were then eliminated from the measure.
Selection of high slope items
There is no standard convention used to indicate one slope value to be substantively larger than another. To aid in item selection, we chose to consider items as substantive with a difference in slope of at least 0.1. In a bi-factor model, items should ideally load most strongly to the general factor and secondly to the subscale factor. Items that did not load in this way were considered lower priority.
Other considerations
Additional considerations were taken into account for any remaining items with similar or identical item properties. For example, in item selection, highly differentiating items (large slope values) are ideal, but these items may not always provide sufficient information to all ability thresholds and, as such, selecting some items with lower slope parameters is warranted. 20 Once a total of 16 items had been selected, confirmatory factor analysis was conducted to obtain the following model fit statistics: Bentler's Comparative Fit Index (CFI; where >0.90 is considered acceptable); Tucker-Lewis Index (TLI; where >0.90 is considered acceptable); root mean square of approximation (RMSEA; where <0.08 is considered acceptable and <0.06 is excellent); and the weighted root mean square residuals (WRMR; where <1.00 is considered good). 23, 24 Internal reliability using Cronbach's alpha was calculated for the brief QOLCE.
| Replication of published work
The secondary objective of the study was to compare the results described in previously published studies using both the QOLCE-55 and the newly created brief version. Specifically, we examined the regression results obtained using the original QOLCE (QOLCE-76) reported by Speechley et al., 6 the trajectory results obtained by Ferro et al., 25 and the replicated regression results obtained using QOLCE-55 reported by Goodwin et al. 7 Speechley et al. 6 assessed
HRQoL over 24 months in children with new-onset epilepsy using multiple regression to investigate baseline risk factors for 24-month HRQoL. Ferro et al. 25 identified trajectories of HRQoL over 24 months after diagnosis and examined factors predicting individual trajectories of HRQoL using mixture modeling methods to establish trajectories of HRQoL. The same factors were used in both studies: severity of epilepsy, as measured by the GASE (Global Assessment 3 | RESULTS
| Sample characteristics
At baseline, children had a mean age of 7.5 (2.3) years and 53% were male. Most had partial seizures (62%), and cognitive and behavioral problems were reported in 20% and 15%, respectively. Severity of epilepsy was mild on average, with a mean score on the GASE of 5.4 (1.2). Socioeconomic status was relatively high, with 56% of families having an annual salary of ≥$60 000 and 67% of parents having completed postsecondary education. Further details of sample characteristics can be found in Table 1 .
| Adequacy of response variability
Two items from the QOLCE-55 were eliminated based on inadequate distribution of responses. The items were "Wished he/she was dead," for which~98% of responses fell into 2 response categories and "Felt excited or interested in something," for which there were no responses in the lowest scoring options. The unidimensional model had a À2 Loglikelihood (À2LL) of À20161.7 (BIC: 41064.2), whereas the bi-factor graded response model had a À2LL of À18976.9 (BIC: 40339.1). This indicated that specifying the model as a bifactor graded response model significantly improved fit to the data. Thus multidimensional IRT methods, specifically the bi-factor graded response model, were selected.
| Dimensionality
| Bi-factor graded response model parameters and item curves
Slope and threshold parameter estimates for the bi-factor graded response model are presented in Table 2 and item information curves in Figure 1 . Explanations for item deletion are found in the online Appendices (Table A.1). Four items within the Emotional Functioning subscale were similar in terms of both item information curves and slope parameters (no greater than 0.1 between each). The item measuring depression ("Felt down or depressed") was selected of the 4 because it had a larger threshold parameter and because of the appropriateness of fit in terms of content. In the Physical Functioning subscale, one item ("Played freely outside the house like other children his/her age?") had a poor slope parameter loading on the general factor, but the remaining items yet to be selected had nearzero item information curves. As such, "Played freely outside the house like other children his/her age?" was selected for inclusion in the Physical Functioning subscale. Table 3 contains the bi-factor model for the QOLCE-16. 
| Model fit indices and internal reliability
| Replication of results
Mean scores for each subscale and total score for both the QOLCE-55 and the QOLCE-16, across each of the 4 HER-QULES time-points are presented in Table 4 . Differences in total scores at each measurement occasion in Slope estimate (standard error) represents how strongly the item relates to each factor, similar to factor loadings. Threshold estimates represent the amount of a latent trait an individual must possess to have a 50% chance of responding to the given item category or higher. Bottom and top thresholds are presented. (Table A. 2). The same set of factors, similar in direction and magnitude, were found to be associated with HRQoL 24 months after diagnosis using the QOLCE-76, QOLCE-55, and QOLCE-16: no cognitive problems reported (b = 26.56, SE = 9.04) better family functioning (b = 0.45, SE = 0.21), and fewer family demands (b = À0.41, SE = 0.14), with an interaction between baseline HRQoL and cognitive problems (b = 0.31, SE = 0.14). Replication of results from Ferro et al. 25 are presented in the online Appendices (Table A. 3, Figure A.1) . The QOLCE-16 replicated the number and shape of trajectories for HRQoL obtained in Ferro et al. 25 Specifically, HRQoL scores were best modeled using a 5-group trajectory model, with linear slopes (except for group 4, high-increasing, which required a quadratic slope). The first trajectory consisted of children with low HRQoL scores at baseline, increasing over time (low-increasing); the second trajectory consisted of moderate HRQoL scores at baseline, decreasing over time (moderate-decreasing); the third trajectory consisted of moderate HRQoL scores at baseline, increasing over time (moderate-increasing); the fourth trajectory consisted of high HRQoL scores at baseline, greatly increasing over time (high-increasing); and the fifth trajectory consisted of high HRQoL scores at baseline, with stable scores over time (high-stable). A similar set of risk factors associated with each trajectory group was found compared to those obtained in Ferro et al. 25 Specifically, more antiepileptic drug use, more behavioral and cognitive problems, more parental depressive symptoms, worse family functioning, and more family demands were characteristics found in those in the lower trajectory groups compared to the higher trajectory groups (high-increasing and highstable). Slope estimate (standard error) represents how strongly the item relates to each factor, similar to factor loadings. Threshold estimates represent the amount of a latent trait an individual must possess to have a 50% chance of responding to the given item category or higher. Bottom and top thresholds are presented.
| DISCUSSION
conforming to previous conceptualizations of HRQoL and maintaining a similar factor structure to the QOLCE-55. 7 The items were calibrated using multidimensional IRT methods on a large dataset of children with newly diagnosed epilepsy from across Canada. We removed 39 items, based on inadequate response option variability (extreme distribution of responses), poor item information, or poor item fit. Despite the large number of items eliminated, the QOLCE-16 replicated previously published results.
A reasonable question to ask is whether the results obtained in this study would have been obtained using CTT methods and, if so, is there a benefit for the increased complexity of methods employed.
14 In our study, CTT methods were able to confirm that the 16-items selected using IRT methods resulted in excellent fit. More importantly, by using IRT methods we can obtain a more comprehensive understanding of the item properties within the QOLCE-16 than if only CTT methods were used. 14 It is important to note that although the set of predictors and trajectories obtained using the QOLCE-55 were replicated using the QOLCE-16, there were small differences in magnitudes, especially at the subscale level for emotional and physical functioning. While these differences appear not to affect total HRQoL scores, use of the QOLCE-55 may be recommended for situations where clinical researchers are interested in subscale-specific information or where additional detailed item information is required. The QOLCE-16 was primarily created to be a valid and reliable tool to obtain total HRQoL scores and is well-suited to such situations.
The QOLCE-16 will reduce respondent burden relative to the QOLCE-55. Estimated completion time has been reduced by about 10 minutes, to approximately 3 to 5 minutes, although this is only an estimation, as actual time for completion has not yet been tested within a sample of children with epilepsy. Implementing assessment of HRQoL in clinical settings has numerous benefits that outweigh the resources required. 10 Research in pediatric populations is limited, but in adult populations, research has shown that the inclusion of HRQoL measures during clinical assessment leads to improved patient satisfaction, improved medical compliance, and in turn, improved patient outcomes. 32 Despite the benefits, employing health outcome measures in clinical settings can be challenging, and it has been argued that length of questionnaire is a strong predictor of measure of uptake by researchers and response rate by potential respondents. [10] [11] [12] 33 In a survey of clinicians treating rheumatoid arthritis, their largest complaint regarding use of health outcome measures was the amount of time required for completion. 34 Clinicians are more likely to employ a health outcome measure if the items assess content they believe is important. 10, 11 That higher response rate results from shorter questionnaires may not be due simply to the actual length of a questionnaire but rather the perception of less burden by respondents resulting from a combination of fewer items overall as well as the quality of the content, that is, fewer items viewed as irrelevant. 10, 11 We believe that the QOLCE-16 will be valuable as a brief measurement tool for application in clinical research settings given the combination of its short length and quality of content. There are some noteworthy limitations. To our knowledge, no well-established guidelines are available for the selection of items in a multidimensional measure. Although we implemented a robust approach in the selection of items, it is possible that using other criteria or different thresholds within our criteria, may have resulted in different items being selected. However, given that we were able to replicate previously published results while maintaining a strong model fit, we are confident that appropriate items were selected using our criteria. Our sample is one of convenience and contains a relatively large proportion of children with mild epilepsy. We do not believe that including a wider spectrum of severity would have substantially changed the results of our study. A recent study confirmed the factor structure of the QOLCE-55 in a sample of children with drug-resistant epilepsy, finding only 2 items to have low loading for children with more severe epilepsy ("Gone swimming?" and "Stayed out overnight [with friends or family?"). 9 Neither of these items was retained in the QOLCE-16. Furthermore, this study suggests that children with newonset epilepsy perceive items similarly to those with drug-resistant epilepsy. 9 Nonetheless, future studies should attempt to replicate these findings, and assess other forms of measurement equivalence (age, sex, and longitudinal).
Further research should attempt to replicate our results in different samples of children with epilepsy. In addition, convergent validity and divergent validity should be examined with comparisons to similar and dissimilar measures. The QOLCE-16 is a parent-reported measure of HRQoL and thus our study cannot address whether differences between parent or child-reported exist. Research suggests that parents tend to underestimate their child's HRQoL. 35 In the study from which the data reported here were drawn, child self-report was not feasible.
| CONCLUSION
In summary, this study describes the development and assessment of the QOLCE-16 as a valid and reliable brief measure of HRQoL in children with epilepsy. Given its strong psychometric properties and replication of previous findings, clinical researchers should be confident that use of the QOLCE-16 provides estimates that are comparable to those obtained using the QOLCE-55 and QOLCE-76.
